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The local structure of correlated spin-orbit insulator Sr2−xMxIrO4 (M = K, La) has been inves-
tigated by Ir L3-edge extended x-ray absorption fine structure measurements. The measurements
were performed as a function of temperature for different dopings induced by substitution of Sr
with La or K. It is found that Ir-O bonds have strong covalency and they hardly show any change
across the Ne´el temperature. In the studied doping range, neither Ir-O bonds nor their dynamics,
measured by their mean square relative displacements, show any appreciable change upon carrier
doping, indicating possibility of a nanoscale phase separation in the doped system. On the other
hand, there is a large increase of the static disorder in Ir-Sr correlation, larger for K doping than
La doping. Similarities and differences with respect to the local lattice displacements in cuprates
are briefly discussed.
I. INTRODUCTION
Transition-metal oxides1 have been one of the major
research subjects in condensed matter physics for last few
decades, stimulated by large electron-electron correlation
in 3d-electron systems. Recently, 5d-electron systems are
acquiring enormous attention in the field since the spin-
orbit interaction energy in these is comparable to the
Coulomb interaction and transfer integral energy scale
and hence novel phenomena are expected to emerge due
to their interplay2.
Among 5d-electron systems, Sr2IrO4 is an insulator
with an antiferromagnetic order at T<240 K1. Recently,
the electronic structure of Sr2IrO4 has been reported to
be well described by Jeff = 1/2 ground state
4, and its
insulating behavior has been realized due to the split-
ting of Jeff = 1/2 band into lower and upper Hubbard
band. This material has been regarded as an analogue
of 214-type cuprate superconductors (s = 1/2) in several
aspects, such as K2NiF4-type crystal structure
1, antifer-
romagnetic magnetic ordering, and correlated insulating
behavior. In the crystal structure, the Ir-O octahedra is
elongated along c-axis and further rotated by ∼11 degree
around c-axis and the material forms a canted antiferro-
magnetic ordering5. Although there has been no reports
on the temperature dependence of local structure, an x-
ray diffraction study has argued that the temperature
dependence of resistivity may be related with atomic co-
ordinates of Ir and O atoms7.
For the carrier-doped Sr2IrO4 system, the emergence
of superconductivity has been predicted theoretically
in the context of the analogy with cuprates7. Al-
though superconductivity in this class of material has
not been reported to date, angle-resolved photoemis-
sion studies have reported that the electronic struc-
ture in lightly carrier-doped samples are similar with
cuprates in several aspects. Furthermore, the existance
of anisotropic excitation gap reminiscent of pseudogap
have been reported8–11.
In doped Mott insulators such as the cuprates, not
only the spin but also the lattice degree of freedom have
been investigated, leading to the conclusion that the
strong interaction among phonons, spin fluctuations, and
the electronic structure should play a role for the emer-
gence of high-Tc superconductivity
12–14. It has been
also found that the charge/spin density wave is likely
to commonly exist in the pseudogapped underdoped re-
gion of cuprates15. Among the lattice-sensitive experi-
mental methods, extended x-ray absorption fine struc-
ture (EXAFS) is a unique technique to resolve local
atomic displacements that turned out to be sensitive to
the occurance of a charge ordering in cuprates16,17. On
the other hand, the corresponding work of temperature-
dependent local lattice displacements has not been re-
ported in Sr2IrO4 series although there are several signa-
tures of the pseudogap8–11 in the system. Furthermore,
the bilayer compound Sr3Ir2O7 with Ruddlesen-Popper
structure has been found to show an indication of a pos-
sible charge order18. In Sr2Ir1−xRhxO4 also, optical sec-
ond harmonic generation and neutron diffraction mea-
surements have indicated a symmetry lowering below a
certain temperature due to an emergence of an ordered
phase, where both the spatial inversion and rotational
symmetries of the tetragonal lattice are broken19,20. This
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2state has been interpreted as a loop-current ordered state
that was initially proposed as an explanation for the
pseudogap state in cuprates. Possible existence of a spin
density wave (SDW) state has been also reported21. De-
spite these similarities with cuprates, there have been
no report of superconductivity yet in Sr2IrO4 upon dop-
ing. Therefore, a further systematic study on how the
lattice degree of freedom reacts upon doping in the sys-
tem should provide important information in clarifying
the metallization process of correlated spin-orbit insula-
tor Sr2IrO4.
In this study, we report doping- as well as temperature-
dependence of the local structure around Ir atom in both
hole- and electron-doped Sr2−xMxIrO4 (M = K, La),
aiming to find out possible coupling between local lat-
tice degrees of freedom with the ordering of spin includ-
ing antiferromagnetism. The work is also aimed to find
possible signature of ordering involving local lattice like
charge density wave as has been seen in cuprates. Here,
the carriers were introduced by a partial substitution for
Sr atom in the Sr-O block layer for both type of doping.
By a systematic study, we have found that the in-plane
Ir-O bond has a strong covalency resulting in an Einstein-
frequency as high as 800 K, and the bond is hardly af-
fected by carrier doping nor the occurance of magnetic
order in the system as a function of temperature. We did
not find marked signature of formation of ordered state
in the lattice response within experimental uncertainties,
while we do see a substantial change in the Ir-Sr correla-
tions, affected more by hole-doping than electron-doping.
The observed local lattice response against doping differs
from that of cuprates, indicating that a manipulation of
hard local mode of in-plane Ir-O bond may have some key
role for possible superconductivity in these materials.
II. EXPERIMENTAL
Polycrystalline samples of Sr2−xMxIrO4 (M = La, K)
were prepared by conventional solid-state reactions. A
mixture of SrCO3, K2CO3, La2O3 and IrO2 was ground
and further mixed by planetary ball-milling (Fritsch, P-
7) at a rotation rate of 400 rpm for 3 h with 15 (5 mm-
diameter) and 10 (10 mm-diameter) ZrO2 balls. The
resulting powders were calcined in air at 1150 ◦C for 15
min22. Nominal values of substituting atoms of La for
Sr2−xLaxIrO4 was 0.075. The amount of K atoms in
Sr2−xKxIrO4 samples were determined to be x = 0.04
and 0.055 by energy dispersive x-ray spectrometry mea-
surements. Hereafter we call those samples as parent,
La, K0.04, K0.055. Phase purity of samples were exam-
ined by x-ray diffraction measurements (shown in sup-
plemental information). Ne´el temperature (TN ) were
evaluated for all the samples by measuring their mag-
netization curve, and obtained values are 240 K, 200 K,
235 K, and 225 K for parent, La, K0.04, and K0.055, re-
spectively (see also supplemental information for magne-
tization curve and resistivity). Judging from the amount
of dopant atom and TN value, the doping amount of
La- and K-doped sample of the present study would cor-
respond to the samples where excitation-gapped state
has been observed by ARPES10,11, and the La amount
is close to the sample where a signature of SDW state
has been observed21. The hole doping amount of our
K-doped samples would also be in the regime where a
symmetry-broken state has been observed in hole-doped
Sr2Ir1−xRhxO419,20.
Ir L3-edge (E∼11 keV) x-ray absorption measurements
were carried out at the Spline beamline23 of the Euro-
pean Synchrotron Radiation Facility where Si(111) dou-
ble crystal monochromator was used to obtain the energy
resolution ∆E/E of 1.4×10−4. The powder samples were
mixed with cellulose matrix and then pelletized for trans-
mission measurements, to reach the desired thickness for
the absorption jump to be ∼1 at the Ir L3-edge. Fluo-
rescence signals of samples and Pt L3 edge of Pt film for
energy reference placed at down stream of the beam were
recorded simultaneously (not shown). Several absorption
scans were acquired at each temperature to ensure spec-
tral reproducibility for each sample and to estimate the
statistical error. Both of the statistical error and the er-
ror coming from the correlation between parameters were
taken into account for the error bars of obtained physical
parameters.
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FIG. 1. Fourier transform magnitudes of Ir L3-edge
EXAFS (k2-weighted) measured on Sr2IrO4 (solid line),
Sr1.925La0.075IrO4 (dotted dashed line), Sr1.96K0.04IrO4 (dot-
ted line), and Sr1.945K0.055IrO4 (dashed line) samples at 20
K. Here, the data are not corrected by the phase shifts. Inset
shows the corresponding EXAFS oscillations of χ(k) ∗ k2.
III. RESULTS AND DISCUSSION
Figure 1 shows the magnitude of Fourier transforms
of Ir L3-edge EXAFS oscillations extracted from the x-
ray absorption spectra on parent Sr2IrO4 and La, K0.04,
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FIG. 2. Temperature dependent Fourier transform magnitudes of Ir L3-edge EXAFS for Sr1.945K0.055IrO4 (a), Sr1.96K0.04IrO4
(b), Sr2IrO4(c), and Sr1.925La0.075IrO4 (d) after phase shift correction. Red dots represent experimental data, while blue lines
show the model fits considering three shells namely Ir-Op and Ir-Oa, and Ir-Sr. (e) Structural image of Sr2IrO4.
and K0.055 samples at T = 20 K. The Fourier transforms
were obtained using a Gaussian window (k-range 3.1-16
A˚−1) and are not corrected for the phase shifts thus rep-
resent raw data. The first peak appears around 1.8 A˚
corresponds to the bond distances8 between Ir and in-
plane oxygen (Ir-Op, ∼1.98 A˚) and Ir and apical oxygen
(Ir-Oa, ∼2.05 A˚) atoms, while the second peak at around
3 A˚ corresponds to the bond distance between Ir and Sr
atoms (∼3.35 A˚). The relatively small peak located at
around 3.8 A˚ corresponds to Ir-O-Ir multiple scattering,
overlapped with distant atom contributions. The first
peak (Ir-O) is less affected than other peaks upon Sr
substition with La or K, which is expected since we sub-
stitute atoms at Sr site. Inset shows k2-weighted χ(k)
EXAFS oscillations for each sample at the same tem-
perature. All spectra show overall correspondence each
other and signals tend to be damped at higher k-region
beyond ∼14 A˚−1. Next we take into account the phase
shift correction to quantify local atomic displacements.
Figure 2 shows the temperature dependent Fourier
transforms of k3-weighted Ir L3-edge EXAFS after phase
shift correction. Spectra in (a)-(d) are shown in the same
vertical scale with the same amount of offset for a real-
istic comparison. It is clear from the figure that with
increasing temperature, the spectral intensity ∼3.5 A˚ is
more suppressed than that of ∼2 A˚, reflecting the differ-
ent bond strength characteristics of Ir-O and Ir-Sr dis-
tances. In addition, judging from the manner of the sup-
pression in the spectral contribution from distant atom
contributions (>4 A˚), it can be said that K atom in-
troduces larger disorder than La atom as a substituent.
For a realistic comparison of the local structure of dif-
ferent compounds, we have evaluated the local structure
parameters by standard EXAFS model fits using single
scattering approximation25. Namely, the bond distances
and the mean square relative displacement (MSRD) of
the absorber-backscatterer pair of atoms are obtained.
The EXCURVE 9.275 code26 was used for the model
fits. The model fits are displayed by solid lines in Fig.
2. As starting values for the fit, we have used the struc-
tural parameters reported at room temperature for the
parent compound8. The present analysis is modelled by
three shells, namely Ir-Op and Ir-Oa, and Ir-Sr, where
the photoelectron phase shifts for each bond is taken
into account. In the model fit, the passive electrons re-
duction factor S0
2 is set to 0.95. The number of neigh-
boring atoms Ni are 4 for Ir-Op, 2 for Ir-Oa, and 8 for
Ir-Sr. The photoelectron energy zero (E0) was fixed af-
ter fit trials on different scans. Six parameters, namely
the bond distances and MSRDs of Ir-Op, Ir-Oa, and Ir-
Sr bonds are varied in the model fit. The R-range for
the model fits is 1.5-4.0 (∆R = 2.5) while the k-range
is 3.1-16.0 (∆k = 12.9) with the number of independent
parameters (2∆R∆k/pi) being about 20. In the model
fit, an attempt was made to include two different Ir-Oa
bonds as suggested by a second harmonic light reflection
measurement27, however, we did not find any evidence of
such bond distances in our studied system.
Figure 3 shows temperature dependence of bond
lengths of Ir-Op, Ir-Oa, and Ir-Sr in K0.055, K0.04, par-
ent, La samples, obtained by the EXAFS model fits. The
MSRDs of each bond are shown in Fig. 4. The dashed
lines in Fig. 4 denote the fit result of MSRD by the cor-
related Einstein-model28; σ2 = σ20 + σ
2(T ) where σ20 de-
notes static part and σ2(T ) stands for the dynamic part.
The vertical dotted lines in Fig. 3 and 4 indicate TN
4estimated from magnetization measurments for all the
samples. We found that the local structural parameters
determined in the present study for the parent compound
are consistent with those reported by neutron diffraction
experiments1–3,31 (see also supplemental information for
the comparison with the structural parameters reported
earlier). We have also found that within the experimen-
tal uncertainties, neither local bond distance nor MSRD
show any evident response against the formation of mag-
netic ordering in all the samples. The mean value of
Ir-Op bond distance tend to decrease by K-substitution
and increase by La-substitution. On the contrary, the
mean value of Ir-Oa bond distance tend to increase by
K-substitution and decrease by La-substitution. These
tendencies are consistent with the earlier XRD report on
Ba2−xMxIrO4 (M = K, La)32. Regarding the tempera-
ture dependence of bond length, it is commonly observed
in all the samples that the thermal expansion of Ir-Op
bond seems to be smaller than that of Ir-Oa bond, in-
dicating the strong covalency between Ir and planar O
atom. The presence of strong covalency in Ir-O bond
is also consistent with almost temperature-independent
behavior of MSRD in Fig. 4 and estimated Einstein tem-
perature is more than 800 K. Interestingly, the strong co-
valency and high Einstein temperature of Ir-Op bond is
not altered by the nature of carrier doping (electron and
hole). σ20 of Ir-Op remained as small as ∼0.001 A˚2 for
all the samples. Ir-Oa bond seems to have slightly higher
σ20 value than Ir-Op by ∼0.001 A˚2 with similarly high
Einstein temperature, and the bond remained also unaf-
fected by carrier doping although it should be mentioned
that the experimental uncertainty of Ir-Oa is larger than
that of Ir-Op due to the proximity of those two bond
lengths. On the other hand, we have found notable in-
crease of MSRD value of Ir-Sr bond in doped samples,
that is mainly attributed to the increase of static part
(σ20). The dynamical part (σ
2(T )) of Ir-Sr bond is much
less affected resulting in almost unchanged Einstein tem-
peratures in doped samples (∼240 K for all). Judging
from σ20 values, the degree of static disorder remained
the same in two K-doped samples, although TN values
and K amounts are different. There is a tendency that
the increase in static disorder at K-doped samples are
higher than that at La-doped sample, which can be at-
tributed to the larger difference of ionic radius between
Sr2+ (1.31 A˚) and substituent atoms, namely ionic ra-
dius of K+ is 1.55 A˚ while that of La3+ is 1.216 A˚ in
9-coodination33.
Let us attempt to understand possible implications of
the present findings. Our current observation of negli-
gible softening in Ir-Op bond with high Einstein tem-
perature suggests that the high covalency in Ir-O may
not permit charge doping in the IrO2 sublattice to ob-
tain mobile carriers, as it is discussed to happen in nick-
elate heterostructures34. Therefore the carriers doped
by the substitution in Sr-O layer would tend to local-
ize, which may cause a nano-scale spatial phase separa-
tion. In fact, there are scanning tunneling spectroscopy
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studies reporting a signature of phase separation between
large-gap (Mott gap) state and small-gap state35,36. Re-
cent ARPES studies also report the coexistence of lower
Hubbard band and in-gap band, which can be also rec-
onciled by the possible phase separation11,37. In case of
cuprates, the in-plane Cu-O bond tend to be softer17, al-
lowing the doped charges to be mobile in CuO2 plane.
It should be noted that cuprates are strongly affected
by the Jahn-Teller distortion that can locally relax with
doping, while such a distortion of IrO6 octahedra is much
less in Sr2IrO4. We also note that in case of sister com-
pound Sr3Ir2O7, the system also shows phase separation
at lightly doped regime but becomes metal38 when La is
doped more than 4 %, while Sr2IrO4 does not in a simi-
lar doping level. Such a difference can be caused by the
5difference of the band width and the dimensionality of
the parent material39. Apart from such other factors, a
control of covalency in in-plane Ir and O atoms may be
important to induce superconductivity in Sr2IrO4 sys-
tem.
It is worth recalling that the formation of excitation-
gapped state has been observed in the electronic struc-
ture of both hole- and electron-doped systems by
ARPES9–11. The existence of symmetry-broken state
has been observed by second harmonic light reflection19
and neutron diffraction20 techniques in hole-doped
Sr2Ir1−xRhxO4, where this state has been discussed in
relation with the excitation-gapped state19. In addition,
recent magnetic resonant x-ray scattering measurement
on Sr2−xLaxIrO4 has suggested the presence of SDW
state21. In the current EXAFS study of Ir-O and Ir-Sr lo-
cal lattice response, we did not observe any significant in-
fluence of the formation of such or any other ordered state
in the temperature dependence within available doping
range. This is in constrast to the cuprate case, where the
formation of a charge-ordered state triggers a character-
istic softening in the in-plane Cu-O bond16,17 as revealed
by polarized EXAFS. Although no indication of such re-
sponse of the local structure has been seen in the current
study with certain experimental uncertainty (enhanced
by the proximity of Ir-Op and Ir-Oa bond lengths), fur-
ther detailed study of polarized EXAFS using single crys-
tals as well as in wider doping range should be helpful to
obtain bond-resolved information on the local structure.
IV. CONCLUSIONS
In summary, doping- and temperature-dependence of
atomic displacements around Ir atom are studied by Ir
L3 EXAFS in Sr2−xMxIrO4 (M = K, La). We have found
that Ir atoms form strong covalent bond with O atoms
with high Einstein-frequency, which does not get altered
by electron or hole doping. The configurational disor-
der in Ir-O layer seems to remain unaffected by doping
while it is different for Ir-Sr. The former observation is
in contrast to the cuprate case, where doped charge in-
duces softening in in-plane lattice displacement, and this
difference may be one of the intervening factors for the
occurance of superconductivity in Sr2IrO4 system.
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1Supplemental Information
I. SAMPLE PROPERTIES
Figure S1(a) show powder x-ray diffraction patterns of Sr2−xMxIrO4 (M = La, K, x = 0.075 for La and 0.055
for K), measured using a conventional x-ray spectrometer with a graphite monochromator (RINT-1100, Rigaku).
The parent sample showed tiny impurity peak (2θ∼18 deg) while no such intensity was observed in La and K0.055
samples, indicating high phase purity of samples. Figs. S1(b) and (c) show the temperature dependence of the
resistivity and the magnetic susceptibility of samples. The electrical resistivity was measured by a conventional dc
four-probe method. The magnitude of the resistivity was reduced by both type of doping but samples remained
insulating. Magnetic susceptibility measurements were performed using a superconducting quantum interference
device magnetometer (Quantum Design MPMS-R2). Both of the Ne´el temperature and the magnetic moment of
samples were reduced by La or K substitution for Sr.
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FIG. S1. x-ray diffraction patterns (a) and temperature dependence of resistivity of Sr2IrO4, Sr1.925La0.075IrO4, and
Sr1.945K0.055IrO4 samples. (c) Temperature dependence of the magnetic susceptibility of Sr2IrO4, Sr1.925La0.075IrO4,
Sr1.96K0.04IrO4, and Sr1.945K0.055IrO4 samples.
2II. COMPARISON OF STRUCTURAL PARAMETERS WITH THOSE OF EARLIER REPORTS
Figure S2 shows Ir-Op (a), Ir-Oa (b), and Ir-Sr (c) bond distances of parent Sr2IrO4 taken from literature
1–11
including neutron diffraction, x-ray diffraction and EXAFS, as well as those from present study. It turned out that
in the parent compound, the local structural parameters deduced in the current study show a good correspondence
with the averaged structural parameters reported by neutron diffraction studies.
FIG. S2. Comparison of Ir-Op (a), Ir-Oa (b), and Ir-Sr (c) bond distances of parent Sr2IrO4 between the present study and
earlier reports1–11.
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